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THE  MAQNETIC  PIEU),  EXCITED  BX  THE  PRIMAKX  WINDINO, 

IN  THE  AIR  GAP  OP  AN  INDUCTION  MACHINE  WITH  A 
CURVED  STATOR 

A.  A.  Lebedev 

The  use  of  an  ordinary  a-c  machine  winding  In  Induction  motors 
with  curved  stators  leads  to  undesirable  effects  In  the  operation 
of  the  machine  which  result  In  the  sudden  display  of  an  edge  effect. 

The  edge  effect  results  from  the  Interruption  of  the  magnetic 
circuit  of  the  stator  and  gives  rise  to  pulsating  magnetic  fields  at 
the  ends  of  the  arcs  of  the  curved  stator.  These  fields  have  an  effect 
on  the  magnitude  of  magnetic  Induction  In  the  air  gap  throughout  the 
entire  length  of  the  arc.  In  addition  to  losses  In  the  rotor  and  stator 
due  to  the  pulsating  magnetic  fields  and  the  braking  moments  associated 
with  them,  the  edge  effect  causes  asymmetry  of  the  linear  cva>rents 
and  consequently,  additional  braking  moments.  The  edge  effect  shows 
up  less  In  the  operation  of  machines  with  a  large  number  of  poles 
than  In  those  with  a  small  number  of  poles. 

A  new  type  of  curved-stator  winding  Is  proposed  In  order  to  reduce 
the  Influence  of  the  edge  effect  on  the  operation  of  an  Induction 
machine.  The  new  winding  differs  from  those  In  use  In  that  the  llneau* 
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load  at  the  ends  of  the  arcs  of  the  cxirved  stator  are  reduced  to  zero. 

The  application  of  a  winding  of  the  new  type  makes  it  possible 
to  raise  the  efficiency  of  a  motor  with  a  curved  stator  and  a  taasslve 
rotor.  The  power  factor  Is  also  Improved  and  the  asymmetry  of  the 
linear  currents  Is  practically  eliminated  [2]. 

The  work  of  Prof.  0.  I.  Shturman  [l]  Is  devoted  to  the  question 
associated  with  the  conditions  of  excitation  of  magnetic  fields  with 
the  Interruption  of  the  magnetic  circuit  of  the  stator.  Formulas 
derived  In  this  work  cannot  be  used  for  the  evaluation  of  magnetic 
fields  In  the  air  gap  of  an  Induction  machine  having  the  new  type 
of  stator  winding.  In  addition,  these  formulas  are  not  altogether 
accurate .  > 

This  article  Is  devoted  to  an  evaluation  of  magnetic  fields  excited 
In  the  air  gap  by  a  stator  having  the  new  type  of  winding.  We  will 
solve  this  problem  on  the  basis  of  the  following  assuxiiptlons : 

m 

1.  The  steel  of  the  stator  and  rotor  Is  not  saturated  and  has  a 
relative  permeability  u  *  const. 

2.  The  reluctance  of  the  steel  of  the  stator  and  rotor  In  a 
radial  direction  Is  allowed  for  by  a  corresponding  Increase  of  the 
air  gap. 

3.  We  will  consider  the  fundamental  wave  of  magnetomotive  force. 

4.  We  will  neglect  leakage  currents. 

5.  We  will  consider  that  there  Is  no  current  In  the  rotor. 

6.  We  will  consider  the  reluctances  throvighout  the  circuit  to 
be  the  same  for  the  yokes  of  the  stator  and  rotor. 

The  ladt  assumption  seems  at  first  glance  gross,  but  considering 
that  the  magnetic  saturation  of  the  steel  of  the  stator  and  rotor  Is 
assumed  to  be  approximately  the  same,  the  difference  in  reluctances  of 
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the  yoke  of  the  rotor  and  stator  will  be  determined  only  by  the 
difference  of  the  average  lengths  of  the  lines  of  induction  in  them. 

We  take  into  account  this  insignificant  difference  (which  decreases 
with  an  increase  in  the  diameter  of  the  rotor)  by  the  fact  that  we 
maintain  the  general  length  of  the  lines  of  induction  in  the  yoke  of 
the  rotor  and  stator,  taking  the  length  of  the  sections  of  the  by-pass 
circuit  in  the  yoke  equal  to  the  length  of  the  arc  along  the  air  gap. 

Disregard  of  the  reluctances  of  the  steel  of  the  rotor  and  stator 
leads  to  a  qualitatively  different  picture  of  the  magnetic  field  in  the 
air  gap. 

In  order  to  evaluate  the  magnetic  shunting  of  the  air  gap  by  those 
parts  of  the  steel  of  the  rotor  and  stator  which  do  not  have  a  winding, 
we  assume  the  length  of  arc  of  the  steel  to  be  greater,  by  an  amount 
Y,  than  the  length  of  the  winding  at  each  end. 

Depending  on  the  character  of  the  variation  of  the  linear  load 
along  the  length  of  arc  of  the  cxu?ved  stator,  we  divide  the  latter  into 
five  parts  (Pig.  l): 

1.  section  without  winding, 

2,  linear  load  rises  from  zero  to  a  nominal  value, 
linear  load  remains  constant, 

4.  linear  load  decreases  from  nominal  to  zero,  and 
section  without  winding. 

We  make  the  origin  of  the  cylindrical  coordinates  coincide  with 
the  axis  of  rotation  of  the  rotor.  The  origin  for  reading  the  angle 
q>  coincides  with  the  middle  of  the  arc  of  the  curved  stator.  The 
positive  direction  of  9  is  taken  to  be  counterclockwise.  We  assume 
the  radius  of  the  rotor  to  be  equal  to  unity;  therefore  we  can  consider 
the  length  of  arc  to  be  equal  to  the  angle.  In  the  final  results  the 
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:r<o  length  of  arc  Is  substituted  for  the  anglea. 

The  positive  direction  of  Induction  in  the 
rotor  and  stator  is  indicated  by  the  arrows 
in  Fig.  i.  The  direction  from  the  rotor  to 
the  stator  is  taken  as  the  positive  dlraotlon 
of  induction.  The  positive  direction  of  our» 
rent  in  the  stator  winding  is  assumed  to 
be  the  direction  from  the  observer  into  the 
plane  of  the  drawing  (Fig.  i). 

The  Instantaneous  value  of  the  total  current  along  the  length  of 
arc  of  the  curved  stator  is  determined  from  the  traveling-wave  equation 


Pig.  1.  Magnetic  cir¬ 
cuit  of  an  Induction 
machine  with  curved 
stator. 


/  A  cos 


(1) 


where  i  «  instantaneous  value  of  current, 

A  amplitude  value  of  the  linear  load, 

T  •«  polar  division,  and 

o)  m  angular  frequency  of  the  power-supply  current . 

Let  us  consider  the  case  when  the  linear  load  at  the  ends  drops 
to  zero  according  to  a  sine  law. 

By  virtue  of  the  symmetry  of  the  magnetic  field  with  respect  to 
the  middle  of  the  arc  of  the  curved  stator,  we  will  consider  the  first 
three  sections. 

In  the  first  section,  the  Instantaneous  current  value  is  zero. 

For  the  second  section,  the  Instantaneous  current  value  may  be 
detezmiined  as  follows 


1  —  /\  CI'.S 


I  '<>t 


(2) 


where  angle  corresponding  to  the  start  of  the  second  section 

and 
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ypy  iB  the  angle  oorreapondlng  to  the  end  of  the  second  section. 

For  the  third  section,  the  Instantaneous  cxirrent  value  Is  deter 
mined  from  Formula  (1). 

under  the  conditions  assumed,  the  law  of  total  current  for  the 
by-pass  circuit  In  the  first  section  may  be  written  In  the  following 


form 


(5) 


where  «  Induction  In  the  air  gap  at  the  start  of  the  first 

“  section, 

-  Induction  In  the  air  gap  In  the  first  section, 
jtQ  -  permeability  of  air 

6  -  air  gap  with  regard  for  the  radial  reluctance  of  the 
steel  of  the  stator  rotor, 

9iH  -  angle  corresponding  to  the  start  of  the  first  section, 

9^  «  present  value  of  the  angle  In  the  first  section,  and 

Bq-  ■  Induction  In  the  yoke  of  stator  and  rotor  In  the  first 
section. 

Induction  In  the  yoke  In  the  first  section  may  be  expressed  In 
terms  of  the  Induction  In  the  air  gap: 

(4) 

Vjm 

where  h  Is  the  height  of  the  yoke  of  the  stator.  Substituting  (4) 

Into  (3)  we  obtain 

ri  ~i 

(5) 


Where 


^  jl/ij 


We  differentiate  expression  (5)  twice  with  respect  to  9^ 
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The  solution  of  this  equation  has  tte  following  farm 

For  the  by-pass  circuit  Iri  the  second  section,  the  law  of  total 
current  Is  written  In  the  form 


4._r_  I  _  1  s„)  cos(W— 


(9) 


Where 


m  — 


2(9i.— o,J 


The  angle  and  Induction  subscripts  here  and  In  the  following  formulas 
are  the  same  as  In  Formulas  (2)  and  (3)  and  correspond  to  the  seetlcm 
nimber. 

Induction  In  the  yoke  In  the  second  section  may  be  expressed 
In  terms  of  Induction  In  the  air  gap  thus 


j  /V?. 


then  In  place  of  (9)  we  obtain 

V  •  'fj« 

f j  j/i,aVT-A:=j  j 


V:  V: 

«  r* 


!‘o/^ 


J  cos  .7;,  f  —  cos(««/  —  H»)  di. 


(to) 


(11) 


Differentiating  twice  with  respect  to  q>2  obtain 

d'H.,  -  \^,A, 

—  J  |«cosw:(i— 32,)siii(W  —  «?)  — 

—in  si;i  M/(  i  -  f,,)  cos  . 

Solution  of  this  equation  takes  the  following  form 

o  !iy/4  I  tit -i  n  ■It,,'.,  1 

2't  a  ’  :  (m 


in  —  ’1 


(12) 


(13) 
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For  the  olroult  In  the  third  section,  the  law  of  total  current  Is 
written  In  the  following  manner 

’  iJo  J  j  ‘^cos((i)/  -  n9)do. 

?»M  irM 

Induction  In  the  yoke  In  the  third  section  Is  expressed  In  terms  of 


Induction  In  the  air  gap  thus 

TIM  rU 

-  I-  J  B,dr  -f  ]-  'yi,d9  +  ■-  j  B,d9, 


1  r 


9j« 


then  In  place  of  (l^)  we  obtain 

B,.- 


¥i  ?iii 

♦ 


¥»  ¥.1 


u-B,+k*  j  j  B,do'‘.+  /;>!  J B,di*  ■^*’11  = 

?a..  ¥.«  V,„ 

r, 

}~  /IrWo, 


J 


Differentiating  twice  with  respect  to  q>j  we  obtain 


^  B%  _UtTi 


(15) 


(16) 


(17) 


The  solution  of  this  equation  takes  the  following  form 

'rC^e'^  f.  C„c  *-  . 


(18) 


In  order  to  determine  the  six  constants  of  integration  C^,  Cg, 

0^,  Cj^f  and  Cg,  In  addition  to  the  three  fundamental  equations  (3), 
(11)  euid  (l6)  we  use  the  continuity  equation  for  the  magnetic  flux: 

thvB  0.  (19) 


which  gives  the  two  additional  equations 


/>• 

B: 


u 


In  order  to  obtain  the  sixth  equation  for  the  determination  of 
the  constants  of  Integration  we  use  the  condition  of  symmetry  of  the 
magnetic  field  with  respect  to  the  center  of  arc  of  the  curved  stator. 
This  condition  meikes  It  possible  to  assert  that  the  derivative  of  the 
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envelope  of  the  set  of  curves  of  magnetic  Induction  obtained  from 
expression  (l8)  is  equal  to  zero  at  the  middle  of  the  arc. 

Taking  the  derivative  of  the  envelope  of  the  set  of  curves  obtained 
from  expression  (18)  for  various  moments  of  tlme»  with  respect  to 
and  setting  q>  equal  to  zero,  after  elementary  transformations,  we  obtain 

C.  <~().  (22) 

Thus,  sxibstltutlng  (8),  (13),  and  (l8)  into  (3)>  (il)*  (i^),  (20), 
and  (21),  and  taking  Into  account  (22),  we  obtain  the  following  six 
equations  for  the  determination  of  the  constants  of  Integration 


•.11  f.’.i’  *■  tii  —  O; 

‘•u  -  C  f^-a  :  C,.’ 

.V.  i\ 

•  // 

Xk 

cos  3  COS 

//(  -// 

c  c"  i 

*■  ‘  f-c.r-* 

•  -  '(  , 
y  nt~n 

Xk  liA  V 

••  -  .  .  1  /,„/ 

m  n  n  / 

C:<’  '■■•n  -  C 

A-  —  C,  — CjC*'  ■ .  t 

''4-C,  =  0. 


where 


(25) 

(24) 

(25) 

(26 
2 
2 


M  =  .  V  =  m  —  n 

2’.  ^  (ffi— /i)=‘ ’ 

II  :=  - . 

/l»)  ' 

In  expressions  (24)  -  (27)  It  Is  considered  that  9^  m  9^^  and  9py  ■  9^^. 
Simultaneous  solution  of  Eqs.  (25)-(28)  gives 


c, .. 


Xk 
m 


-~p)  —  \M  —X)s/iupi  c<)S[u>t — jtp)- 
I  i//.-  Xk  \  ^  ,, 

■M  «T«  ^  m  -n  n  ->')  cos.u.i  -  ;:(p.-.v)|  4- 


"  (.V— ~y)  sin|'«/  •-  p-  y))| 


g  *(,•  +  t  I 


\2shK{p-  •  >■)' 


(29)* 


sh  w  slnh;  ch  «  cosh 


-8- 


C,  n  j  chKp-(  sln(«»/-«/>;-(.'/-f  jV)4A«/>t  cos(«r—i:p)  + 

+  1-—-+  — - — \cA«':(p-y)cos[iii/— r(p— y)|  4- 

\m+n  m—n  n  f 

f(A^— .U-rll)5A«ft(p— y)sinlu./— «(p-y)l  I 

- ^  — ^<r//«Ksln(«'^— "P)4- 

*  [y/«— rt  m-rti  I 

+  \{~^1  -i  -  —  "^-)<  /M-:(p-y)coslu>r -n{p— y)i  + 

|^m  +  /»  m— «  n  j 

+  (;V— /W+n)A-A;ct(p— yjsililiDf  --{p  —  y)iL.;— * 


(50) 


(51) 


+Af)^A«Ycos(«.r-.p>i  -2,-/;;^(>r+ n  + 
(/  Mk  ,  i\k  IIv 


X  H  ■'1'^ 

^  iV/«  !  // 

(/V-..y4  ll,.-/,^.(p-y)s...;u.f-nip-  y)!j^,^-^^^. 


\\mT»  ^  m  ••-«  •"  V )  -  >’>  ‘■‘"•'‘i'"'  -  + 

I-  >') 


-  c,  -^[[“jcAA:rsiii(-lf— -p)  ;  (.Vf-r  cosK-sp) 


+ 


+ 


/  ■’/«  .A/*  /  /K  ^  I  ^  /  M 

[m  +  „  +  „l-=7»  ~  //  ^  COslW-::(p  _y)]  - 

- (.V-M  f  II)iA/;( K4  y.) sit. [w  ::(p  -  y)]  j  ; 


(52) 


(55) 


where  Y  -  9^  -  9^,  the  length  of  the  block  of  steel  of  the  stator 

^  ^  projecting  beyond  the  active  zone 

7T  ■  9oti  -  92k»  length  of  the  arc  on  which  the  variation  of 

“  the  linear  load  from  zero  to  nominal  takes  place. 

Sxibstltuting  the  values  of  C^,  Cg,  Oy  C]^,  Cy  and  Cg  into  the 

expression  for  induction,  we  obtain 
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(—  - ^cA*/Ksin  wr  -  (M  +  N)shkp-.cMmt 

i\m  — «  m  +  n  I 

J_  l)»[/_jlliiL  4- - — \cA*t  (p  — y)co$«i/+ 

\«  +  «  n  —  n  n  I 


irlM-M-i-  n)shkx  ip  -  y)  Kill .»/ jj  •  ^  • 

/?,:=:  - rt'S |«*f  —  (w  t  «)?  ^  j  A'cus  |w/  f  (m  - -f 

i.(.  .  1)^[(  WAAl'sin-.^  • 

1  \wj  -  «  m  -f-  //  / 

1  cAii  ,  f/  .Wt  ,  <V* 

:  +( -  iK--| 

—  'p  -  y)<‘«>s  -f- 

^  (A-  M  UDM-rir-  . . = 

/i,  .  II  sin  { .*7  0  r  ( - •  1 )'  ( — —  ]  rkkv'sin  mt  -i- 

\  !  \  m  -  n  m  i  n  I 

I  Mk  \’k  iijk  \ 

I  (.U  ‘  A').«A*l  COS«./  -r(  1)'  ■  f----  - 

'  m  •  H  m  ti  n  I 


<55) 


CftJt’9 

(  -  1)'  iA'--  •'!  ;  in  shk{Y  :  y-)sin  '*7  yy  • 


(56) 


where  f  Is  the  present  value  of  the  coordinates  over  the  length  of 
arc  of  the  stator.  Or 


/y-(  iKi! 


Xk 


\  ^^icnk/n't 

rn  n  w  -*-  //  '  ' 


i  (-l)'(.V  -.v;  :  y  •  !( 


'M 


Xk  il,v 


mrn  m  n  n 


)<  hk'.(p  yi— 


I  .  \)shkn-\  ..  sin  (-.7  .  »t. 


Where 


Mk 


skk>p~-  )■) 
Xk  1 1  n’ 


(34») 


H;a  -  - 


/i. 


M  cos 


rn  ;  ni  ti  n 


\flik~{p  ■  y)  (.U  •  X)shl:p- 


l)'( 

\ 

(..•y*  V*-^7'-  •  I-  D'l-V-  M  :  \\)s/ik-(p  -y) 

\hi  ~n  m  •  nj  ' 

s  1^10.'  —  (m  f  n;f  r 

-sin  (oit  +  a,)  -r 


(m -H)?  '^1- 

2yj 


■.1,  .  VfX  llVl' 


.(-Ijii-iii/ ](,v-  .11  n|sU:(/>  — )■! 

V  *> 


+ 


(35') 


10 


(»•)' 


iih«p« 


‘If  “f 


M  •\-  N 

«>.-'**>■  ,«■•;« 

m  H  min 

A'\l.  *  "* 

m  I «  m  n  ii 


y  .\j  r-  ft  "■ 


cthk-.ip  -y)-. 


Where 


*•  "•'"I*'  7-.)+(-')'i/|(#,- "s)'***'- 


(  U'(A‘  M  {  ll)iAi(K  .  y 


)f  I  [(-w  f 


f  \)s/iMY  + 


shk'i^l-Y)  + 


IK  »n  • 


(.11  i-A'.s//*r+i  - 1)*' (  W r-hr) 

\m  )  n  m  ■  n  nf _ _ 

/  \  ,  AA  )'  -  (  - 1 )'  (  -  -M  *.•-  H)  s/tk  ( K+yt)  ’ 

\/«--«  mr»l 


(56*) 


Anmlysliis  expreeelone  (3^}-(36)  it  aegr  be  oonoluded  that  there 
ia  a  ccoponent  in  the  Mgnetio  field  idiieh  is  stationary  in  spaoe  and 
which  varies  with  tine.  The  amplitude  of  this  ooaponent  has  a  ■axlBsim 
value  at  the  Junction  of  the  first  and  second  sections,  i.e.,  where 
the  winding  ends. 

Thus,  ay  earlier  statMients  [2]  concerning  the  fact  that  the  edge 
effect  may  be  completely  eliminated  by  the  use  of  distributed  windings 
of  a  curved  stator  in  isolated  cases  proves  to  be  not  altogether  oorreot. 
Despite  the  fact  that  the  incident  wave  of  magnetomotive  force  reduces 
to  zero  at  the  edge,  it  is  practically  impossible  for  the  incidmt 
induction  wave  at  the  end  of  the  arc  of  the  curved  stator  to  drop  to 
zero  when  using  the  given  type  cf  winding.  This  is  explained  by  the 


« 


tg  -  tan}  th  >  tanh,  cth  ■  noth 


fact  that  the  reluctance  of  steel  le  significantly  less  than  that  for 
air. 


Figure.  2  shows  Induction  oxxrves  for  the  air  gap  of  a  four-pole 
machine  for  various  moMnts  of  time  as  calciilated  according  to  Formula 
(33).  The  stator  had  a  winding  with  a  linear  load  which  reduced  to 


zero  at  the  ends  along  a  two-pole  separation.  This  same  figure  shows 
the  experimental  cxirve  of  amplitude  values  of  Induction  In  the  air  gap. 
The  winding  of  the  curved  stator  was  made  according  to  the  schematic 
In  Fig.  3a.  The  diameter  of  the  rotor  equalled  100  mm.  The  nuBa>er  of 
loops  Is  shown  In  the  schematic  In  Fig.  3a.  The  coverage  angle  of 
the  cwve  stator  was  230^.  The  Ideal  no-load  ciurrent  for  a  120-volt 
300-OP8  sowce  was  equal  to  0.3  amps.  The  coefficient  k  was  equal  to  i 
0.12  cm**^.  Ideal  no-load  conditions  were  obtained  by  replacl^  the 
regular  rotor  with  one  without  a  squirrel  cage.  The  method  of  the 
experiment  has  been  described  earlier  [2]. 


Fig.  2.  Induction  curves  In 
the  air  gap  of  a  four-pole 
Induction  machine  with  a  curved 
stator.  Curves  with  points  - 
calculated,  curve  with  stars  - 
experimental. 


Fig.  3.  a)  Schematic  of  the 
distribution  of  the  winding  of 
a  curved  stator,  b)  Nature 
of  the  variation  of  linear 
load  over  the  length  of  arc  of 
the  stator.  The  numbers  on  top 
Indicate  the  number  of  turns 
In  the  half-oolls. 
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From  A  oonpATlAon  of  tho  ovirvos  it  miar  bt  oonolvuled  that  the 


ealoulatlon  fomiulaa  very  aoourately  describe  the  phenomena  which  take 
place  In  the  machine. 

Some  divergence  of  the  calculated  and  experimental  curves  at  the 
ends  of  the  arc  of  the  stator  may  be  explained  not  only  by  the  assunp- 
tlons  made  In  the  derivation  of  the  computational  formulas,  but  also 
by  the  fact  that  variation  of  the  linear  load  at  the  ends  of  the  curved 
stator  was  not  strictly  sinusoidal  (see  Fig.  ^b). 

Figure  4  shows  Induction 


'M 


Fig.  4.  Curves  of  the  Induc¬ 
tion  In  the  gap,  without  taking 
pulsative  fields  into  account. 
Curves  with  points  —  calculation} 
curve  with  stars  —  experimental. 


calculation  curves  without  regard 

for  the  pulsating  component.  For 

cosparlson,  the  experimental  curve 

Is  also  shown  In  this  figure. 

Comparing  the  curves  In  Figs. 

2  and  4,  we  see  that  the  amplitude 

of  the  fields  that  differ  from 
• 

the  basic  wave  Is  vwy  Insignificant, 
and  these  fields  may  be  neglected 


In  engineering  calculations  of  machines  with  a  curved  stator  having 
the  new  type  of  winding. 

Using  the  described  method  of  deriving  the  formula  for  Induction 
In  the  air  gap  of  a  machine  with  a  curved  stator,  having  a  constant 
linear  load  over  the  length  of  the  arc,  we  obtain  the  following  result: 

_ 

3  1*  .  /  .  K  \  .  ....  /  /  «  .  . 


^  j-iiln  (.f- i 
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where 


where 


5*  =  (—  i)' - -  1/  {^^shkp-zj  -I- 

f-  ~  ' 


+  {kckkp.J  («f  +  a,). 


+  K) 

tgs,™  —k~ctkkpz, 


B  «  Induction  in  the  air  gap  In  the  section  occupied  by  the 
windings 

a  Induction  In  the  air  gap  In  the  section  where  there  Is  no 
winding,  and 

y  >  present  value  of  the  coordinate  along  the  length  of  the  arc. 

In  this  formula  In  contrast  to  the  analogous  formula  [l],  the 
present  coordinate  ^  has  one  reading  origin  at  the  center  of  the  arc 
of  the  cvirved  stator. 

In  addition, In  the  expression  for  Induction  under  the  active. 

%■ 

zone  of  the  stator,  there  Is  no  term  which  varies  proportionally 
with  the  hyperbolic  sine  of  the  coordinate  of  the  point.  This  hyper¬ 
bolic  sine.  In  accordeuice  with  Shturman  [1],  makes  the  value  of 
Induction  dependent  on  the  selection  of  the  sign  In  the  coordinate 
system  l.e..  It  makes  the  expression  asymmetric  with  respect  to  the 
middle  of  the  arc;  this  asymmetry  depends  on  the  selection  of  the 
directions  of  the  axes  of  the  coordinate  system.  The  coefficients 
of  the  other  terms  which  determine  the  pulsating  fields,  also  differ 
from  the  corresponding  coefficients  In  Shtvirman’s  formulas  [l]. 
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